Theoretically, CME kinematics are related to magnetic reconnection processes in the solar corona. However, the current quantitative understanding of this relationship is based on the analysis of only a handful of events. Here we report a statistical study of 60 CME-flare events from August 2010 to December 2013. We investigate kinematic properties of CMEs and magnetic reconnection in the low corona during the early phase of the eruptions, by combining limb observations from STEREO with simultaneous on-disk views from SDO. For a subset of 42 events with reconnection rate evaluated by the magnetic fluxes swept by the flare ribbons on the solar disk observed from SDO, we find a strong correlation between the peak CME acceleration and the peak reconnection rate. Also, the maximum velocities of relatively fast CMEs ( 600 km s −1 ) are positively correlated with the reconnection flux, but no such correlation is found for slow CMEs. A time-lagged correlation analysis suggests that the distribution of the time lag of CME acceleration relative to reconnection rate exhibits three peaks, approximately 10 minutes apart, and on average, acceleration-lead events have smaller reconnection rates. We further compare the CME total mechanical energy with the estimated energy in the current sheet. The comparison suggests that, for small-flare events, reconnection in the current sheet alone is insufficient to fuel CMEs. Results from this study suggest that flare reconnection may dominate
the acceleration of fast CMEs, but for events of slow CMEs and weak reconnection, other mechanisms may be more important.
INTRODUCTION
Coronal Mass Ejections (CMEs), originally observed in white light by the coronagraph as discrete and bright features moving outward from the Sun (Tousey 1973; Gosling et al. 1974) , have also been detected in extreme ultra-violet (EUV), soft Xrays, and radio (reviews by Alexander et al. 2006; Hudson et al. 2006) . Typically, the CMEs carry masses ranging from 10 13 to 10 16 g, with velocities between several tens to a few thousand km s −1 , and energies of 10 22−25 J (Vourlidas et al. 2002; Yashiro et al. 2004; Vourlidas et al. 2010) . A comparison of the coronal energy sources and the required energy of typical CMEs suggests they are generally driven by the release of magnetic energy (Forbes 2000) . MHD models have been developed to study the evolution of the coronal magnetic field leading to the CME eruption (see recent reviews by Chen 2017; Green et al. 2018) . In these models, the coronal magnetic structure rises slowly due to gradually changing boundary conditions in the photosphere, such as a shear motion, converging motion, or flux emergence. Free magnetic energy in the corona is stored during this quasi-equilibrium evolution. At a certain point in this evolution, an abrupt eruption can be triggered either by an ideal MHD instability or loss of equilibrium (e.g., Lin & Forbes 2000; Fan & Gibson 2007; Török et al. 2004; Kliem & Török 2006; Aulanier et al. 2010) , or magnetic reconnection (Mikic & Linker 1994; Antiochos et al. 1999) . The onset of magnetic reconnection may also restructure the previously stable magnetic configuration by adding magnetic twist to a pre-existing flux rope, or by forming a twisted flux rope from a sheared arcade (Van Ballegooijen & Martens 1989; Mikic & Linker 1994; Longcope & Beveridge 2007; Priest & Longcope 2017) , which then erupts. During the eruption, a CME can reach speeds of several hundred km s −1 within a few minutes (e.g., Patsourakos et al. 2010) .
Although magnetic reconnection in the corona is a crucial process, it is not currently directly observable. However, magnetic reconnection forms closed loops and energizes plasmas and particles therein, resulting in impulsively enhanced flare radiation. The observed coincidence between the evolution of the CME kinematics and that of the flare X-ray fluxes indicates that the CME eruption is related with the reconnection which produces solar flares (Zhang et al. 2001 (Zhang et al. , 2004 Temmer et al. 2008; Bein et al. 2012; Patsourakos et al. 2013) , as predicted by CME initiation models (e.g., Chen 2011) . Apart from flare light curves, morphological evolution of flare emission in the lower atmosphere has also been used to infer the reconnection process in the corona and indirectly measure the rate of magnetic reconnection (Forbes & Priest 1984; Poletto & Kopp 1986) . With such measurements, Qiu et al. (2004) analyzed two well-observed CME-flare events and demonstrated that the acceleration of the studied CMEs was temporally correlated with the magnetic reconnection rate estimated from the magnetic flux swept through by flare ribbons (Qiu et al. 2002) . This correlation is also shown in a few recent case studies of Hu et al. (2014) and Song et al. (2018) using observations with higher tempo-spatial resolutions than earlier studies. Because of the difficulty in observing CME evolution and measuring CME acceleration in the low corona, many studies instead compare the CME velocity measured at a few solar radii after the peak acceleration phase, and the total magnetic flux reconnected during the flare. These studies found that, in fast CME events, these two quantities are positively correlated (Qiu & Yurchyshyn 2005; Deng & Welsch 2017; Toriumi et al. 2017; Tschernitz et al. 2018; Pal et al. 2018) . Note that most of these studies have focused on fast CMEs and strong flares, and it is unclear whether this relationship applies to a broader range of CMEs, in particular, slow CMEs.
Magnetic reconnection almost always occurs during a CME eruption, yet it is not clear whether reconnection initiates the eruption or it is a consequence of the eruption. Investigating the relative timing between CME acceleration and flare reconnection over a large number/types of events should shed light on this question (e.g., Karpen et al. 2012 ). For such a study, it is essential to simultaneously measure CME acceleration and flare reconnection signatures in the low corona during the early phase of the eruption. Between 2010 and 2013, the separation between the STEREO and SDO spacecraft (80 -140 degrees) provides a unique opportunity to observe CMEs from the limb and associated flare signatures and magnetic field evolution in the source regions on the solar disk. These missions have obtained observations with unprecedented temporal cadence and spatial resolution, crucial for quantifying the dynamics in the early phase of the eruption. Here, we carry such a statistical study of a large sample of CME-flare events, using observations from multiple viewpoints: we track the CME evolution in the low corona via limb observation by STEREO, and measure the magnetic reconnection rate by analyzing flare signatures and magnetograms in simultaneous on-disk observations by SDO.
In Section 2, we provide the related information about SDO and STEREO, and the methods used here for the measurements of the CME kinematics and reconnection properties during the early stage evolution of the CME-flare events. The statistical results are presented in Section 3 on the CME kinematics and the reconnection process, and in Section 4 on the time evolution of the CME kinematics, flare reconnection, and flare X-ray emission. We then evaluate energetics for these events in Section 5. Conclusions and discussion are given in Section 6.
DATA AND METHOD

Data
The data set under investigation start from the launch of SDO (Pesnell et al. 2012) in 2010, continuing until late 2013. During this period, the separation angle between STEREO (Kaiser et al. 2008 ) and the Earth (or SDO) increased from ∼80 to ∼140 degrees. STEREO is composed of twin spacecraft: STEREO-A (Ahead) and STEREO-B (Behind) . Three instruments from the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI; Howard et al. 2008 ) on board each space-craft have been used to track the early evolution of the Earth-side CMEs which are located near the solar limb when viewed from STEREO. These three instruments include the Extreme Ultraviolet Imager (EUVI; <1.7 R ⊙ ; Wülser et al. 2004) , the inner coronagraph COR1 (1.3 -4 R ⊙ ; Thompson et al. 2003 ) and the outer coronagraph COR2 (2.5 -15 R ⊙ ). For EUVI, we prefer to use high-cadence (75 s) images in 171Å when there are such data available; otherwise we use 195Å observations at ∼5 min cadence. For each event observed by STEREO, a single viewpoint is chosen (Table 1) based on a closer proximity of the source region to the Earth-side limb and a higher data cadence if it exists.
The on-disk observations are provided by SDO spacecraft. The Atmospheric Imaging Assembly (AIA; Lemen et al. 2011 ) on board SDO takes full-disk images of the Sun in 10 EUV/UV channels (log T ∼ 3.7 -7.3), with ∼12 -24 s cadence. Full-disk magnetograms are from the Helioseismic and Magnetic Imager (HMI; Schou et al. 2012) , with 1 ′′ spatial resolution and 45 s cadence. When choosing the CME-flare events, we require that a flare is associated with each CME by checking if flare ribbons can be clearly detected in UV (using 1600Å on transition region and upper photosphere) and/or EUV (here using 304Å on transition region and chromosphere). Then we determine the CME source regions based on the timing and location of the flares.
Examining joint STEREO and SDO observations between 2010 and 2013, we have selected 60 CME-flare events, listed in Table 1 . For these events, STEREO observations have very well covered the initial stage of the CME. 54 out of the 60 CME-flare events are located within ±30 degrees from the limb in the STEREO field of view. The source regions of the 60 CMEs are identified from SDO observations, and we find that 27 events originate from active regions (ARs), and the other 33 from quiet regions or decaying plage regions with weak magnetic fields. Using GOES light curves, we have further identified magnitudes of flares associated with 41 of the CMEs, including 1 X, 11 M, 16 C, and 13 B class flares. For the remaining 19 events the GOES X-ray curves are either affected by the background emission or other flaring regions on the solar disk, or have no flare information available. We track the time evolution of the CME height and flare ribbons in the source region, and measure and compare CME kinematics and flare reconnection properties in these events.
Measurement of CME Kinematics
An example of a CME-flare observed on 2012/07/12 (SOL2012-07-12T16:53) is displayed in Fig. 1 , which demonstrates the methods we used to track a CME and measure the reconnection flux. To help identify the structures or features in solar images, we use the wavelet processed images for EUVI 1 (Stenborg et al. 2008) , while the COR1 and COR2 data are first processed with secchi prep and then converted to base differences by subtracting a pre-eruption image, see Fig. 1(b) . Then the im-ages are projected to a rectangular Plate Carrée (PC) system (Thompson 2006 ) with axes of radial distance from solar disk center and position angle measured counterclockwise around the Sun from solar north ( Fig. 1(c) ). A virtual slit with a width of 2 degrees and along the center of the erupting CME in the PC-projected images is chosen to generate time-height stackplots for each of the three instruments. The stackplots are then co-aligned, to form a map displaying the CME trajectory, i.e. a "J-map" (Sheeley et al. 1999) , as shown in Fig. 1(d) . We note that apparent radial CME eruptions have been preferred during our data selection. The CME front is tracked in COR1 and COR2. The CME front is sometimes difficult to identify in EUVI images due to the temperature and density response of the EUV bandpasses and/or the reduced compression at the front in the early evolution of the eruption. Therefore, we manually select the foremost detectable feature in the EUV, recognizing that it may not always correspond to the white light front. As shown in Fig. 1(d) , the identified heights of the feature(s) are superimposed on the J-map. We estimate the errors of the heights in EUVI, COR1, and COR2 to be 4, 2, and 2 pixels, respectively (e.g., Song et al. 2018) .
With the CME height-time measured, it is straightforward to compute the projected CME velocity and acceleration by using the time derivatives ( Fig. 2(a) ). For SOL2012-07-12T16:53, its acceleration increased abruptly from nearly zero at 16:05 UT to a peaking value of ∼500 m s −2 at 16:23 UT, then gradually decreased to ∼10 m s −2 in 1.3 hours. This acceleration profile is similar to that of the CME reported by Gallagher et al. (2003) , both suggesting an exponential rise followed by another exponential decay. Here we follow Gallagher et al. (2003) and model the CME acceleration with the two-phase exponential function in the form of a(t) = [1/[a r exp(t/τ r )] + 1/[a d exp(−t/τ d )]] −1 , where a r and a d are the magnitudes of acceleration in the two phases, and τ r and τ d are the corresponding e-folding times, respectively. These four parameters characterize CME kinematics in the early phase.
To derive the four parameters in the acceleration function, we fit the observed CME velocity profile, obtained as the time derivative of the CME height measured from EUVI, COR1, and COR2 observations, to the time integral of the acceleration function v(t) = v 0 + a(t)dt, where v 0 is the fifth parameter from the fitting. We choose to fit the velocity profile because it exhibits a relatively smooth-varying behavior. On the other hand, there can be a gap in the CME heights measured between EUVI and COR1, and between COR1 and COR2, most likely due to different sensitivities to various parts of a CME by different instruments observing in different spectral ranges. The uncertainty in tracking the weak signatures of the CME leading edge, together with the varying time cadence, also results in spurious features in the CME acceleration profile derived as the second time derivative of the measured CME height. Therefore, fitting to the velocity profile is an optimal choice for modeling CME acceleration. Fig. 2 (a) shows the model CME velocity profile v(t) from the fitting (the blue/middle curve) superimposed with the measured CME velocity (blue symbols, smoothed with a boxcar of three measurements) for the event SOL2012-07-12T16:53 (Fig. 1) . The acceleration profile a(t), which is calculated as the time derivative of v(t), is presented as the pink/top curve; it agrees well with observational measurements. Finally, the time integral of v(t), h(t) = h 0 + v(t)dt, is fitted to the heights of the CME front measured in COR1 and COR2 observations (EUVI observations are not included here because of possible inconsistency of the tracked features) to yield the last parameter, the CME initial height h 0 . Here h 0 corresponds to an upper limit if considering possible pileup at the CME front (e.g., Howard & Vourlidas 2018) . For the SOL2012-07-12T16:53 event, we find v 0 =11.4 km s −1 , and h 0 = 0.47 R ⊙ . Note that h(t), v(t), and a(t) refer to the CME height, velocity, and acceleration projected on the plane of the sky (POS), respectively. To compensate for the projection effect, a factor of 1/cos θ is multiplied to each projected height, where θ is the longitudinal separation angle between the source region viewed from SDO and the limb of the observer (STEREO A or B) by simply assuming that the eruptions are radial. Table 1 lists the parameters characterizing CME kinematics for all the 60 CME events.
Measurement of Reconnection Properties
We also analyze flare signatures in CME source regions to infer the rate of magnetic reconnection using SDO observations. Magnetic reconnection occurring in the corona forms flare loops, and releases energy in these loops; accelerated particles or thermal conduction travel along newly reconnected field lines (flare loops) and deposit energy at their footpoints in the chromosphere, causing the brightenings there thus forming the flare ribbons in optical and ultraviolet wavelengths (Forbes & Priest 1984; Poletto & Kopp 1986; Longcope & Klimchuk 2015) . Therefore, magnetic reconnection, which occurs in the corona yet can be hardly measured there, is mapped in the lower atmosphere by flare radiation, and the reconnection rate is measured by summing up photospheric magnetic fluxes covered by spreading flare ribbons. This method has been widely used to measure the magnetic reconnection rate (e.g., Qiu et al. 2002 Qiu et al. , 2004 Isobe et al. 2002; Asai et al. 2004; Krucker et al. 2005; Miklenic et al. 2007; Veronig & Polanec 2015; Kazachenko et al. 2017; Zhu et al. 2018) . In this study, the brightening pixels are collected from AIA imaging observations in 1600Å or 304Å passband to measure the reconnection rate in flares ranging from X-class to B-class.
Flare emission in the 1600Å passband is primarily produced by enhanced C iv line emission due to heating at the chromosphere/transition region foot-points of reconnection formed flare loops. The flaring pixels are chosen automatically with the criteria that the intensity (in the unit of data number) is greater than ∼4 times the median intensity of the region of interest before the flare, and that the brightening should persist for at least 3 minutes. Such threshold is chosen to be above the mean intensity of the active region plage (Qiu et al. 2010) , and the persistence requirement effectively removes spurious brightening features such as short-lasting brightening due to projection of erupting filaments. Instantaneous reconnection flux is measured by summing up HMI-measured longitudinal magnetic flux swept by newly brightened flare ribbon pixels. The events selected for this study were observed near the disk center from the SDO point of view. In this study, we do not correct the projection effect, and do not extrapolate the photosphere magnetic field to the chromosphere where flare ribbons form, considering that the two effects partially cancel each other. Uncertainties in the measured reconnection flux are derived by varying the intensity threshold between 3 and 5 times the pre-flare median intensity, and also by the difference in the measured magnetic flux in the positive and negative polarities.
For weak flares, usually below C class, emission in the 1600Å passband is not significantly enhanced against the background; alternatively, we use observations in the 304Å passband to select flare pixels with an intensity threshold of 8 times the pre-flare median intensity. The 304Å channel is dominated by He ii line. It is more sensitive to weak heating signatures and can help capture flare ribbons in minor flares below C-class. The difference in the measured reconnection flux using these two passbands for the same flares of C to low M-class is about 20%, which is usually within the uncertainty of the Φ r measurement. In large flares, significantly enhanced chromosphere emission tends to saturate the 304Å passband, and this passband also captures emission in post-flare loops during the late phase of the flare; therefore, we do not use 304Å observations to measure reconnection flux in large flares.
The example of the SOL2012-07-12T16:53 showing the flaring ribbons ( Fig. 1(e) ) sweeping through the magnetic fields is given in Fig. 1(f) , where the colors indicate the flux reconnected in different time intervals (see colorbar). Among the 60 CME-flare events in our database, we analyze flare ribbon evolution and measure the reconnection fluxes using 1600 (304)Å passband in 26 (16) events, respectively, while in the remainder 18 events of weak flares, reconnection flux is not measured, because contamination of emissions by erupting filaments or post-flare loops is difficult to be separated from flare ribbon emissions. For the 42 flares, the measured total reconnection flux Φ r is in the range 1.5 × 10 20 -5.5 × 10 21 Mx, with an average uncertainty of 35%. The rate of flare reconnection is the time derivative of the reconnection flux, in units of Mx s −1 . The total reconnection flux and peak reconnection rate for the 42 flares are listed in Table 1 .
With the flare ribbon pixels identified in the 42 events, we also evaluate two important properties, i.e. the length of the ribbons along the interface of the positive and negative magnetic polarities (polarity inversion line; PIL) L R , and the average distance of the flare ribbons to the PIL D. Same example of SOL2012-07-12T16:53 is displayed in Fig. 3 . The ribbon pixels in the positive and negative polarities are perpendicularly projected to the PIL respectively, thus giving the corresponding lengths along the PIL, L + and L − . The ribbon length is the average of L + and L − , i.e. L R = (L + + L − )/2. The average perpendicular distances of the ribbon pixels to the PIL is the ribbon distance D. For this flare, L R and D have values of 103 Mm and 23 Mm, respectively. Measurements of these geometric properties are used to estimate energetics in the reconnecting current sheet in the corona (Section 5).
3. STATISTICS OF CME KINEMATICS AND FLARE RECONNECTION PROPERTIES
CME kinematics
The selected 60 CME-flare events were observed from August 2010 to December 2013, during the rise of solar cycle 24. Following the methods introduced in Section 2, we track the CME eruptions from the solar limb to 15 R ⊙ , covered by EUVI, COR1 and COR2 on board STEREO. Fig. 4 shows the fitted profiles (heights, velocities, and accelerations projected on the POS) of the 60 CMEs. For comparison, we aligned the time profiles for each event, so that the zero time is at the peak acceleration of that event. These plots reveal a clear trend that fast CMEs are accelerated for shorter durations yet with greater acceleration rates in the low corona, as shown by Zhang & Dere (2006) . All the kinematic profiles (along with the error bars) of the 60 CME-flare events can be found online at MSU website 2 .
With these plots, we study the initial height of the CMEs, and for how far CMEs are accelerated. Histograms of the de-projected heights of the CME fronts are given in Fig. 5(a-c) . The initial heights of the CME fronts (h 00 ≡ h 0 / cos θ) primarily range from 0.4 -1.0 R ⊙ above the solar surface, with a median value of 0.6 R ⊙ (Fig. 5(a) ). Both the value of h 0 (an upper limit of the initial height) and the projection correction could have led to slightly larger values than those in Bein et al. (2011) . For most of the CMEs the acceleration peaks at heights (h max acc ) between 0.5 and 1.9 R ⊙ , with a median value of 1.0 R ⊙ (Fig. 5(b) ). The distance between the two heights of h 00 and h max acc ranges from 0.15 to 1.2 R ⊙ , with a median value of 0.4 R ⊙ (Fig. 5(c) ). The red curves in Fig. 5 are events originating from active regions (AR, see Table 1) , which exhibit very similar height (distance) distributions.
The distributions of the acceleration properties from the fitted curves ( Fig. 4(c) ) are shown in Fig. 5(d-f ). The acceleration duration here is measured using the full width at half maximum of the acceleration profiles. The peak magnitude and duration of the CME accelerations tend to follow log-normal distributions ( Fig. 5(d&e) ), similar to Bein et al. (2011) . The peak acceleration a pk and duration of the acceleration τ a are anti-correlated with a Pearson correlation coefficient R = -0.91, and their relationship can be described by a power-law a pk = 10 4.3 τ −1.2 a ( Fig. 5(f) ). These results are consistent with previous studies ( Zhang & Dere 2006; Vršnak et al. 2007; Bein et al. 2011) .
We note that Zhang & Dere (2006) analyzed 50 CMEs observed by LASCO from 1996 June to 1998 June, at the start of solar cycle 23, and Bein et al. (2011) analyzed 90 CMEs observed by STEREO between 2007 January and 2010 May during the transition between solar cycle 23 and 24. The 60 CMEs in this study were observed by STEREO from 2010 August to 2013 December, from the rise to maximum of the solar cycle 24, and the kinematic properties of CMEs in this study are derived using a method different from Zhang & Dere (2006) and Bein et al. (2011) . The consistency of the results in these different studies, therefore, suggests that the statistical properties of CME kinematics, illustrated in Fig. 5 , do not depend on the phase of the solar cycle.
Comparison between CME kinematics and reconnection properties
Out of the 60 CMEs, 42 have reconnection properties unambiguously measured using flare ribbon signatures. Fig. 6 (a&b) display the histograms of the mean perpendicular distance D from the ribbon to the PIL and the mean flare ribbon length L R along the PIL. D ranges from 8 to 40 Mm, with a median value of 20 Mm in AR, slightly smaller than 23 Mm in the quiet Sun (QS) regions. The distributions of L R are similar between AR and QS, both centering at around 80 Mm. Interestingly, when comparing D with the CME initial heights h 00 (Fig. 6(c) ), though D is small compared to h 00 (∼5-20%), there is a trend (R = 0.43) that larger ribbon separations are associated with larger h 00 . Flare ribbons are produced by energy release due to reconnection in the corona, and in general, reconnection occurring at a higher altitude forms larger flare loops with a greater ribbon separation. Therefore, the h 00 -D plot in the figure suggests a scaling relationship between the initial height of the CME front and the height of flare reconnection, and these two parameters provide the characteristic scale of the flux system involved in the eruption.
Using flare radiation signatures and magnetograms, we have measured reconnection flux and reconnection rate. The peak reconnection rate (Φ pk ) spans over two orders of magnitude, from 6 × 10 16 to 6 × 10 18 Mx s −1 . In Fig. 7(a) , we compareΦ pk with the peak CME acceleration (a pk ). The figure shows that CMEs with larger accelerations are associated with flares with greater reconnection rates, which is expected in a theoretical work by Vršnak (2016) . For the 42 events, the correlation coefficient R betweenΦ pk and a pk is 0.75, and theΦ pk -a pk relation can be well fitted to a power law a pk = 10 2.78Φ0.56 pk , withΦ pk in uint of 10 18 Mx s −1 . It is also noted that, the median (mean) peak acceleration of these 42 CMEs is 3.8 (3.5) times that of the other 18 CMEs associated with weak flares in which reconnection rate is not measured. These results provide a strong argument that flare reconnection is key to CME acceleration.
Previous studies have shown that the maximum velocities v max of fast CMEs are positively correlated with the total reconnection flux Φ r (Qiu & Yurchyshyn 2005; Vršnak 2016; Deng & Welsch 2017; Toriumi et al. 2017; Pal et al. 2018 ). Here we investigate such a relationship with the 42 events, as displayed in Fig. 7(b) . We notice that, for the relatively fast CMEs with v max 600 km s −1 (Howard et al. 1985; Gopalswamy et al. 2000) , their maximum velocity v max is positively correlated with the total reconnection flux Φ r , similar to previous findings. Here v max can be linearly scaled with the reconnection flux (R = 0.75) with v max = 0.86Φ r +0.73, where v max has a unit of 10 3 km s −1 , and Φ r has a unit of 10 22 Mx. However, this trend breaks down for slow CMEs with maximum velocities below ∼600 km s −1 . Finally, 16 out of the 18 CMEs without reconnection flux measurements are slow CMEs and are associated with weak flares.
Our results, based on a much broader and larger event sample than previous studies, demonstrate that the CME peak acceleration is strongly related to the peak reconnection rate. Our study also confirms the positive correlation between the CME peak velocity and the total reconnection flux for fast CMEs. For slow CMEs, a significant positive correlation is still present between peak reconnection rate and peak CME acceleration, but the CME peak velocity and the flare reconnection flux are not correlated. The implication of these results will be discussed in Section 6.
TEMPORAL ANALYSIS
In this study, we track CMEs from the solar surface to several solar radii without data gap, with cadences as high as 75 seconds in the EUVI images and 2.5 minutes in COR1 images, and we measure the flare reconnection rate with a 24-second cadence. This is a unique dataset to perform a time series analysis of the CME evolution with respect to the progress of flare reconnection. We note that, with very few exceptions, prior studies often use the GOES soft X-ray (SXR) light curves as a proxy for flare progress to compare with CME evolution. To relate our study with previous studies, we also examine the time evolution of CME acceleration and flare reconnection with respect to the GOES SXR light curve. 4.1. Time profiles of CME acceleration and flare reconnection Fig. 2 suggests that, on the timescale of a few minutes dictated by the observing cadence of CMEs, the CME acceleration a(t), and flare reconnection rateΦ r (t), exhibit very similar temporal profiles, rising and decaying on nearly the same timescales. To examine the timing of the CME acceleration and flare reconnection, we conduct a time-lag analysis of a(t) andΦ r (t). The analysis yields the time lag of CME acceleration with respect to flare reconnection ∆τ ≡ t a − t r , and the maximum correlation coefficient R max a r between a(t) andΦ r (t) at ∆τ . Fig. 8 presents these results for the 42 events with reconnection flux measurements. R max a r lies within 0.68 -0.99, and peaks at ∼0.9, revealing a strong correlation between a(t) andΦ r (t).
Meanwhile, the measured time lag ∆τ in Fig. 8(b) ranges between -20 and 20 minutes, and appears to form three groups roughly centered at −10, 0, 10 min. Since 5-min is the synoptic cadence of the EUVI and COR1 observations, we consider that CME acceleration leads flare reconnection for 11 events with ∆τ < −5 min, flare reconnection and CME acceleration are simultaneous for 19 events with −5 ≤ ∆τ ≤ 5 min, and flare reconnection leads CME acceleration for the remaining 12 events of ∆τ > 5 min, respectively. The median (and standard deviation) of ∆τ of these three groups are −10 ± 2.9, 1.2 ± 2.6, 10 ± 2.8 min, respectively, consistent with the histogram in Fig. 8(b) . The corresponding widths of the three peaks at ∼5-6 min is less than the 10-min separation between adjacent peaks, suggesting the robustness of the finding.
Examples of the three groups in Fig. 8(b) are given in Fig. 9 . (I) Among the first group of 11 events, the C8.7 flare of SOL2011-06-21T03:27 ( Fig. 9(a) ) corresponds to one of the strongest flares in this group. For this eruption, the CME appears to accelerate ∼12 min ahead of the reconnection rate. A similar event can be found in Song et al. (2018) . (II) SOL2010-08-01T08:56 ( Fig. 9(b) ) is an example among the 19 events where the a(t) evolve simultaneously withΦ r (t). (III) SOL2011-12-26T20:31 ( Fig. 9(c) ) belongs to the third group. In this event, the acceleration profile falls behind the reconnection rate by around 12 min.
As we compare the properties of magnetic reconnection and CME kinematics among these three groups, we find that all acceleration-lead events have peak reconnection rates below 0.5×10 18 Mx s −1 , with the median at 0.2 × 10 18 Mx s −1 , whereas the peak reconnection rate of the other two populations is higher, with the median ∼0.4×10 18 Mx s −1 , more than twice that of the acceleration-lead events. We find no significant differences among the three populations, in other properties, such as the CME initial height.
Comparison with GOES X-ray light curves
The time derivative of GOES SXR profile has been often used as a proxy of the energy release, based on the Neupert effect (Neupert 1968; Dennis & Zarro 1993) . To allow comparison of our results with past studies, we apply the time-lag analysis between the GOES SXR time derivative,Ẋ r (t), and the reconnection rate,Φ r (t), and CME acceleration, a(t) (Fig. 10) .
The relationship ofẊ r (t) andΦ r (t) is shown in Fig. 10(a&b) . Only 22 of the 42 events exhibit correlation R max Xd r greater than 0.6 ( Fig. 10(a) ). Interestingly, all 22 events originate in ARs and tend to be associated with the larger flares, which, in turn, are more consistent with the Neupert effect (Dennis & Zarro 1993) . The histogram of their time differences t Xd − t r suggests delays ofẊ r (t) with respect tȯ Φ r (t) by 1-5 min with an average of 2.9 min ( Fig. 10(b) ).
Similarly, Fig. 10(c&d) give the relationship of a(t) toẊ r (t). The same 22 events exhibit a good correlation (R max a Xd > 0.6). But the distribution (Fig. 10(c) ) appears to be flatter than the previous two ( Fig. 8(a)&10(a) ), and gives poorer correlation. Again, among the 22 events, the distribution of their time difference t a − t Xd (Fig. 10(d) ), still displays three peaks though shifted by about 3 minutes, due to the delay ofẊ r (t) in Fig. 10(b) .
There are several reasons for the overall poor correlation using the time derivative of the GOES SXR light curveẊ r (t). After the peak SXR emission,Ẋ r (t) becomes negative; however, reconnection energy release, reflected by the formation of new flare loops, still continues into the decay of the SXR emission, as illustrated in Fig. 2&9 . Furthermore, for weak flares, the SXR emission measured by GOES may include a significant contribution from other regions. Therefore, the magnetic reconnection rate measured in the host region is a better proxy for the energy release process in the CME-flare study. The time profile analysis in this part shows that, using the reconnection rate as the proxy, the timing of energy release is, on average, 3 minutes earlier than the timing determined using the GOES light curve.
Start times of CME acceleration and flare reconnection
To complement the foregoing correlation analysis on the overall progress of the CME acceleration and flare reconnection, here we investigate the timings when CME acceleration or flare reconnection begins to rise (Kahler et al. 1988; Zhang et al. 2001; Temmer et al. 2008; Liu et al. 2014; Wang et al. 2019 ). We choose the start time of CME acceleration t a st or that of flare reconnection rate t r st to be the moment when CME acceleration (or reconnection rate) has increased to 10% of the peak Bein et al. 2012) . For this analysis, the time profile of the reconnection rate is smoothed with a boxcar of 5 min, similar to the time cadence of the CME observation. Fig. 11(a) displays a comparison of the start times of the flare reconnection and CME acceleration for the subset of 42 CME-flare events. The time differences ∆τ st ≡ t a st − t r st are primarily within ±25 min, and have a median value of -1.7 min. The number of events for ∆τ st < −5 min, |∆τ st | 5 min, and ∆τ st > 5 min are 16, 14, and 12, respectively. Thus the distribution is slightly asymmetric with a few more events where CME acceleration appears to rise earlier than the rise of flare reconnection. This asymmetry is consistent with but less remarkable than that using the CME acceleration and the hard X-ray emission reported by Berkebile-Stoiser et al. (2012) . Fig. 11(b) displays a scatter plot of ∆τ st with respect to the magnitude of GOES Xray in 1-8Å for 35 out of the 42 events (the remainder 7 events are not included due to the presence of simultaneous strong emission from other regions or unavailability of GOES data). The scatter plot can be also divided into three groups. For 13 events with |∆τ st | 5 min, the magnitude of the flare SXR emission spans three orders of magnitude, and the average peak reconnection rate of these events is 1.2 ± 1.6 × 10 18 Mx s −1 . Similarly, the 9 events with earlier flare reconnection (∆τ st > 5 min) exhibit a range of flare SXR flux, and have an average peak reconnection rate of 1.2 ±1.7 ×10 18 Mx s −1 . For the remainder 13 events where CME acceleration begins earlier than flare reconnection (∆τ st < −5 min), the amount of time lag |∆τ st | is roughly anti-correlated with the flare SXR peak flux, i.e. shorter time differences for stronger flares. The reconnection rate for this group is 0.4 ± 0.4 × 10 18 Mx s −1 , evidently smaller than the other two groups.
Overall, the distribution of the time lag between the time profiles of acceleration and reconnection rate appears to be symmetric, displaying three peaks with ∼10 min apart ( Fig. 8(b) ). The distribution of the difference in the start times is slightly asymmetric (Fig. 11(a) ), with a few more events in which CME acceleration rises earlier than the flare reconnection. In both cases, we find that acceleration-lead events are associated with lower reconnection rates.
CURRENT-SHEET PROPERTY AND ENERGETICS
Magnetic reconnection takes place in a current sheet (CS) that forms during CME eruption. Reconnection in the CS re-configures the global magnetic field, forming flare loops and changing the CME structure, and in this course, releases free magnetic energy. The amount of released magnetic energy is equivalent to the work done by electric fields on electric currents integrated in the entire space. The reconnection rate in the CS can be described by the local reconnection electric field (e.g., Lin & Forbes 2000) . Approximating the flare-CME configuration by a 2D model, we can estimate the mean reconnection electric field and the electric current along the CS, using the measured reconnection rate in terms ofΦ r (t) and the length of flare ribbons L R . We can then estimate the amount of work done by the reconnection electric field in the CS, and compare it with the CME energy.
Properties of the CS can be estimated by applying the minimum-current corona (MCC; Longcope 1996) to a single current sheet following a separator of total length L R . If magnetic flux Φ r reconnects across this separator it must initially carry a net current with order of magnitude I 0 ∼ Φ r /µ 0 L R . The mean reconnection electric field will be E = |Φ r (t)|/L R , and the total magnetic energy released will be
where µ 0 is the permeability of free space. The MCC model addresses the build-up and release of magnetic energy in a three-dimensional corona. For the energy release process, it assumes that reconnection at the current in the CS has decreased to zero. Thus W r here corresponds to an upper limit. The distributions of the peak E and I 0 are shown in Fig. 12(a&b) . E pk , determined using the peak reconnection rate, ranges 5 -500 V/m. The values here are typical when compared to the studies by Qiu et al. (2004) , Jing et al. (2005) , and Song et al. (2013) . The median value of E pk in AR (95.5 V/m) is about 5 times as large as that in QS (20.6 V/m). Meanwhile, the pre-reconnection current intensity I 0 , ranging between 1.3 − 72 × 10 10 A, displays a stronger median value of 6.7×10 10 A in ARs compared to 3.0×10 10 A in QS. Finally, the estimated work done by the reconnection electric field, W r , is in the range 10 22−25 J. Fig. 13 gives the relationship between W r and the CME mechanical energy (E cme ∼ E k + E p ) for the studied CME-flare events, where E k is the CME kinematic energy, and E p is its gravitational potential energy. The CME masses, based on the theory of Thomson scattering (Billings 1966; Hayes et al. 2001; Howard 2011; Vourlidas & Howard 2006) , are derived by following the procedures described in Vourlidas et al. (2010) and making use of the COR2 data and scc calc cme mass.pro in the SolarSoftware. We measure the CME mass at a time when the CME arrives at ∼10 R ⊙ . The angle from the POS is determined because of the multiviewpoint observations here, to be the same as θ. This gives CME masses ranging from 8.7×10 14 to 1.9×10 16 g. The error of the CME masses is estimated to be a factor of 2 . In this way, E k is estimated by using E k = mv 2 max /2. We were able to measure the CME mass for 40 events. Two could not be analyzed due to a lack of good pre-event images. Fig. 13 shows that the CME energy (E k or E cme ) is roughly scaled with W r . We first discuss E k -W r relation (top panels in Fig. 13 ). The correlation coefficient between these two quantities for the 40 events is 0.56, and E k -W r can be fitted by a power-law function, with the power-law index of 0.36. If we only consider the relatively fast CME events with v max 600 km s −1 , a stronger correlation (R = 0.76) is found, and E k = 10 15.64 W r 0.37 . There is no clear trend for slower CMEs with v max 600 km s −1 . Similar relations hold for the total CME energy, E cme , and W r (lower panels in Fig. 13) .
The diagonal dashed line in the figure marks equality and separates the energies into two regions: below this line, E cme < W r , so W may provide the necessary energy for the eruption; For events above this line, E cme > W r , therefore W r is inadequate and the eruption requires additional energy sources. We discuss the E cme -W r relationship further in Section 6.
6. CONCLUSIONS AND DISCUSSION
Summary
We conduct a statistical study of 60 CME-flare events by combining observations from different viewpoints by SDO and STEREO. The on-disk observations from the SDO provide measurements of the photospheric magnetic field and flare ribbon evolution, enabling the estimation of the magnetic reconnection flux (and reconnection rate) and the flare-ribbon geometry. The limb views from STEREO (EUVI, COR1 and COR2) yield measurements of the height of the Earth-side CMEs from 0 to 15 R ⊙ . Based on these measurements, we study the kinematics of these 60 CMEs, and examine the magnitude and time evolution of the CME acceleration with respect to the progress of magnetic reconnection in 42 events (in which reconnection rate can be measured). We then compare the CME mechanical energy with the estimated amount of work done by the reconnection electric field in the CS. Our major findings are summarized as follows.
1. A strong correlation (R max a r 0.7) exists between the CME acceleration and the reconnection rate ( Fig. 8(a) ), regardless of whether CMEs are fast or slow. The CME peak acceleration shows a power-law scaling with the peak reconnection rate (Fig. 7(a) ). A positive correlation is also found between the maximum speed of CMEs and the total reconnection flux ( Fig. 7(b) ), but only in relatively fast CMEs (v max 600 km s −1 ), whereas no clear correlation is found for the slower CMEs.
2. The CME acceleration and flare reconnection exhibit very similar time profiles from rise to decay, and the temporal correlation between the two is much stronger than the correlation between either of them and the time derivative of the GOES SXR light curve. For the studied 42 events, the distribution of the time lag of the CME acceleration with respect to the reconnection rate (∆τ ≡ t a − t r ) displays a symmetric distribution with three peaks at -10.0±2.9 (11 events), 1.2±2.6 (19), and 10.0±2.8 min (12), respectively ( Fig. 8(b) ). For a comparison, the distribution of the time lag of their start times (∆τ st ≡ t a st − t r st ) is slightly asymmetric (Fig. 11(a) ), with a few more events where acceleration begins earlier than the flare reconnection. On average, the peak reconnection rate of the acceleration-lead population is smaller than that of the other two populations.
3. The CME total mechanical energy E cme displays a good correlation (R ∼ 0.6) with the estimated work W r done by the reconnection electric field in the CS. E cme -W r can be fitted to a power-law function with the power-law index of ∼1/3 (Fig. 13 ).
Past studies have shown a scaling law between CME maximum velocity and total reconnection flux, for relatively fast CMEs and strong flares (Qiu & Yurchyshyn 2005; Deng & Welsch 2017; Toriumi et al. 2017; Tschernitz et al. 2018; Pal et al. 2018) . In this study, making use of observations from multiple views, we have analyzed a broad range of CME-flare events, i.e. B to X-class flares, and both slow and fast CMEs. Our results from this extended sample demonstrate a significant correlation between CME acceleration and flare reconnection in various aspects. These results provide a strong argument that flare reconnection is key to acceleration of both fast and slow CMEs, and may dominate the acceleration of fast CMEs.
On the other hand, the finding that the maximum speed of slow CMEs is not correlated with the total reconnection flux may indicate that other physical processes play a more important role during the acceleration of these CMEs. Note that the a pk -τ a scaling indicates that, statistically speaking, an event with smaller peak acceleration (and also a smaller peak reconnection rate) tends to be accelerated for a longer period of time; it seems that, for slow CMEs, the effect of CME acceleration by flare reconnection during this extended time period is relatively weak in comparison with other mechanisms.
Our results suggest that the significance of flare reconnection in CME acceleration is different in fast and slow CMEs. The results from the energetics and time-lag analyses bear similar indications, which will be further discussed.
Energetics
Our analysis reveals a good correlation between the CME mechanical energy and the estimated electrodynamic work W r done by the reconnection electric field in the CS, especially for the relatively fast CMEs (Fig. 13 ). For events with W r 2 × 10 24 J (X and M flares; Fig. 13(e) ), W r is larger than or comparable to E cme and should be able to provide a significant amount of energy for the CME eruption. This result supports the argument that flare reconnection dominates CME acceleration in fast CMEs.
However, for events with smaller flares, i.e. B and C flares, E cme is 1 -2 orders of magnitude larger than W r . This large ratio of E cme /W r would suggest that, in these events, the work done by the reconnection electric field in the CS itself might not be enough to fuel the eruption. It is possible that reconnection also occurs elsewhere, such as the breakout type of reconnection (Antiochos et al. 1999; Karpen et al. 2012 ). In events with very weak or little flare radiation signature, reconnection may occur at higher altitudes and produce less plasma heating, as suggested by Robbrecht et al. (2009) and Vourlidas & Webb (2018) . Signatures of these reconnection events are either undetectable by current instrumentation or require different analysis methodologies (Robbrecht & Wang 2010) .
Apart from reconnection, several other mechanisms can also impact the kinematics of these events. If a flux rope is present -whether it is generated prior to or at the time of the eruption -and carries a sizable amount of electric current, a significant amount of work can be done on this flux rope current during its eruption. Mass unloading may also help accelerate a CME (Low 1996; Klimchuk 2001) . It is likely that these other mechanisms are more important in events characteristics of slow CMEs and weak reconnection.
The E cme -W r scaling (Fig. 13 ) may also shed light upon the increased association rate between CMEs and flares production rates with the rising flare intensity reported by Yashiro et al. (2005) . For small flares, the requirement of additional 1-2 order larger energy sources would make it very difficult to drive a CME. Thus the free energy associated with the current sheet(s) can be either released through a series of small flares without CMEs, or wait until additional energies become available (e.g., formation of flux ropes). On the other hand, for large flares where W r E cme , they require little additional energy. Thus it would appear to be easier for the large flares to produce simultaneous CMEs. A more comprehensive evaluation of various energies, the CME energy, flare energy, and free magnetic energy including W r , will be conducted in future studies.
Timing
Our unique dataset with CMEs observed in the low corona and flares observed on the disk provides the advantage to examine relative timings of the CME acceleration and flare reconnection in the early phase of the eruption. In this study, a timelagged correlation analysis is performed to compare the temporal evolution of CME kinematics with respect to the progress of flare reconnection. The resultant time lag is determined by the slow-varying component of the time profiles, in particular, the times of the global maximum of the analyzed time series (see Fig. 9 ). Our analysis reveals the presence of all three populations, namely, the acceleration-lead, the simultaneous, and the reconnection-lead events, and adjacent populations are separated by about 10 minutes.
These results may be discussed with respect to some eruption models. For example, in the framework of a 2D loss-of-equilibrium (LOE) model (Lin & Forbes 2000) , Reeves (2006) has shown that reconnection energy release rate -the product of the reconnection electric field and magnetic field -in the CS beneath the erupting flux rope always lags the CME acceleration, and the amount of the lag grows when either the reconnection rate (represented by the Alfvén Mach number in the CS) or the background magnetic field decreases. The time lag analysis from this model is qualitatively consistent with the observed acceleration-lead events; but this model, and perhaps other models that drive eruption ideally, cannot explain other events in which flare reconnection leads, or evolves simultaneously with, CME acceleration. We recognize that a detailed model-observation comparison in terms of the time lag requires consideration of many other properties, such as the geometric properties and aerodynamic drag (e.g., Chen & Krall 2003; Vršnak 2016) , and is beyond the scope of the present study; nevertheless, this study has established an observational database to help construct or constrain parameter studies with numerical models.
An acceleration-lead event is likely driven by an ideal instability, such as in the LOE model, yet it is still possible that the eruption is triggered by reconnection (Green et al. 2018) . We note that the time-lagged correlation analysis (Fig. 8) is not suited to answer the "trigger" question, namely, whether the start of the fast CME motion occurs before or after the onset of flare reconnection (e.g., Karpen et al. 2012) . We also attempted to estimate the start times of CME acceleration and flare reconnection (Fig. 11) , using the analytical function to describe CME acceleration and much smoothed time profiles of flare reconnection. The resultant time lag distribution is similar to that of the correlation analysis, which is also likely governed by the slow-varying trend of the time profiles, and is subject to the uncertainties primarily determined by the time cadence (5 min) of CME observations. To probe the "trigger" of the eruption in the future study, it is crucial to explore new methods, identify fast-varying features in the early stage using unsmoothed time profiles, and examine their associated signatures in the low corona prior to the eruption. This requires analysis of flare and CME observations at high temporal and spatial resolutions with the combination of all available capabilities including SDO and RHESSI (Lin et al. 2003) .
The authors thank the referee for several constructive comments. We thank Dr. Dana W. Longcope for helpful discussion. The authors gratefully acknowledge the funding of NASA Heliophysics Guest Investigator (HGI) program (80NSSC18K0622). C.Z. and J.Q. also thank the funding of NASA HGI 80NSSC19K0269. This work is also supported by NSF REU program (1156011) at Montana State University. . Histograms of the CME heights, acceleration peaks and durations. (a) Initial heights (h 00 ) of the CME fronts above solar surface. (b) The heights of each CME at maximum acceleration. (c) The distances between the h 00 and the height of of CME front at the maximum acceleration. (d) The peak values of CME accelerations. (e) The duration of CME acceleration. (f) Relationship of the peak and duration of CME acceleration. The histograms for all events are indicated with black curves, while those for AR CMEs are indicated with red curves. The blue curves in (d) and (e) give the log-normal fittings, with the parameters noted at top. A linear fitting in (f) is included, with the correlation coefficient R, the correlation, and the uncertainties σ ab of the corresponding parameters displayed at the top. Figure 6 . Distributions of the average distances of the flare ribbons to the PIL D for the CME-flare events (a), the ribbon length along PIL (b), the correlation between D and h 00 (c). Figure 7 . Relationship between the peaks of the acceleration and reconnection rate (a), and between the CME maximum velocities and the total reconnection fluxes (b). The dashed line in (b) marks 600 km s −1 which roughly separates two types of CMEs based on their maximum velocities. The corresponding fits are also displayed in each panel. Figure 8 . Distributions of the maximum correlation coefficient R max between the shifted profiles of acceleration and reconnection flux rate (a), and their time differences t a − t r (b). A negative time difference here means that the acceleration profiles comes earlier, vice versa. The distributions of events in ARs are indicated with red curves. Figure 9 . Three examples of the relationships between the CME kinematics, the reconnection flux, and flare X-rays, corresponding to the three peaks in Fig. 8(b) , using the format of Fig. 2 : the profile of the CME acceleration a(t) leads the reconnection rate (a, SOL2011-06-21T03:27), simultaneously (b, SOL2010-08-01T08:56), and a(t) follows the reconnection rate (c, SOL2011-12-26T20:31). Figure 10 . Distributions of R max (a) and the time differences (b) between the GOES time derivative and reconnection flux rate. Distributions of the R max (c) and the time differences (d) between the acceleration and GOES time derivative. Only the events with R max > 0.3 are shown in the left panels, and the events with R max > 0.6 are shown in the right panels. The distributions of events in ARs are indicated with red curves. Figure 11 . Time difference between the start times of CME acceleration and flare reconnection rate, i.e. ∆τ st ≡ t a st − t r st . Panel (a) displays a histogram of ∆τ st . Panel (b) shows a scatter plot of ∆τ st vs. peaking GOES X-ray flux, with ±5 min indicated by the dashed lines. Figure 12 . Histograms of the average electric field strength in the current sheet at the timing of peaking reconnection rates (a), and the integrated current intensity in the current sheet before the CME eruption (b). Figure 13 . Comparisons of the CME kinetic energy E k (top panels), CME total mechanical energy (E cme = E k + E p ; lower panels) with the released energy W r related to the current sheet during the CME-flare events. Left panels (a&d): Total 40 events with available measurements of both reconnection flux and CME mass. Middle panels (b&e): 26 events with v max 600 km s −1 . Right panels (c&f): 14 events with v max 600 km s −1 . The diagonal dashed line denotes equality. 
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